Bone morphogenetic proteins (BMPs), members of the transforming growth factor-b subfamily, function as instructive signals for neuronal lineage commitment and promote neuronal differentiation. However, the mechanism of BMP7 action in vivo after peripheral nerve injury is poorly understood. This study examines the efficacy of gene transfer of adenoviral (Ad) BMP7 on peripheral neuropathy. Transgene expression was found in both Ad-infected sciatic nerves and their respective remote neurons, indicating Ad transduction by a retrograde transport. After AdBMP7 infection to nerves, the sciatic nerves were crushed or transected. Hind limb functional behavior, including rotarod test and sciatic functional index, were conducted in rats weekly after nerve injury. Interestingly, enhanced BMP7 expression significantly improved hind limb functional recovery in AdBMP7-transduced rats when compared with AdGFPtransduced nerve-crushed or transected rats. Furthermore, AdBMP7 transduction reduced injury-induced macrophage activation, nerve demyelination and axonal degeneration. By contrast, AdBMP7 infection did not affect the hyperalgesia paw-withdrawal latency after nerve injury. We further examined the effect of AdBMP7 infection on sciatic nerve explant and Schwann cell cultures. Enhanced cell proliferation was significantly increased by AdBMP7 transduction in both cultures. Taken together, BMP7 overexpression by Ad gene transfer was beneficial in both nerves and Schwann cells on functional recovery after sciatic nerve injury in rats.
Introduction
Peripheral nerve injury is relatively common in the clinical setting, but results after peripheral nerve surgery are not always satisfactory. After peripheral nerve crush injury of moderate severity, compared with transection nerve injuries, axons in the distal segment undergo Wallerian degeneration, which involves the removal of axonal and myelin debris. Although nerve crush disrupts the axon cylinder, the basement membrane of Schwann cells surrounding the nerve fiber remains intact. 1 Schwann cells differentiate and proliferate both at the distal segment and at the injury site. Therapies that prevent axonal and Schwann cell atrophy and promote neural and Schwann cell survival may be effective in counteracting the development of peripheral neuropathies. 2 Bone morphogenetic proteins (BMPs), members of the transforming growth factor-b subfamily, have been implicated in nervous system development and survival of peripheral neurons. [3] [4] [5] There are at least 20 structurally distinct BMPs. BMP2, BMP4, BMP6 and BMP7 are expressed at the early stage of brain development in vertebrates. Although BMPs are secreted molecules, their actions are local because they bind avidly to extracellular matrix proteins and endogenous inhibitors that limit their availability. 6, 7 Therefore, higher amounts of BMPs may be required to obtain equivalent efficacy. BMP2 has been shown to upregulate in neurons after facial nerve injury. 8 However, local application of BMP2 to injured facial nerves subtly changed axonal morphology with limited efficacy and no functional improvement was ever observed with treatment. 8 In cultures, BMP7 has been shown to promote the outgrowth of both dendritic and axonal processes from both peripheral and central neurons. [9] [10] [11] [12] [13] A previous study from this laboratory has shown dual neuroprotecting/differentiating effects of adenoviral (Ad) BMP7 gene transfer in cortical cultures. 12 The role of BMP7 in peripheral nerve regeneration after injury in vivo is not yet understood. The fact that continuously released BMP7 by gene transfer is beneficial in peripheral nerve regeneration, and can correspond to improved functional recovery, has not been explored. Ad vectors can transduce dividing and nondividing cells and have the capacity to undergo retrograde axonal transport [14] [15] [16] [17] [18] when remotely delivered at the axon terminals. In this study, we aimed to explore the potential effects of Ad gene transfer of BMP7 to the sciatic nerves on nerve function and morphology after crush or transected (and resutured) injury in rats. Functional recovery was assessed at weekly intervals using the rotarod test and gait analysis. Biochemical analysis of nerve tissues was conducted at 1 week after injury. Nerve histomorphometry was assessed at 4 days and 5 weeks after injury.
Results
All animals recovered within 3 h after the operation and showed no apparent abnormal behavior. There was no incidence of paresis in rats injected in the sciatic nerve or the dorsal root ganglia (DRG). Histologically, there was no apparent demyelination in rats that were injected in the sciatic nerve (data not shown).
Infective tropism and expression duration of adenovirus
We performed double-label experiments for AdGFPinfected tissues, including the sciatic nerves (injection site), lumbar L4 and L5 DRGs, which give rise to the sciatic nerve, and the lumbar spinal cord. After injection of the adenovirus carrying the green fluorescent protein (GFP) gene into the normal sciatic nerve, the expression of GFP was observed along the site of injection. Figure 1 shows the representative micrographs of double labeling staining results. Some GFP-immunoreactive (IR) cells in the sciatic nerves were also positively stained for CNPase and S-100, which denote Schwann cells (Figures 1a-d ).
Longitudinal and cross-sections of the sciatic nerves show that the majority of GFP-IR cells were tubulin-IR nerve fibers. Some fibronectin-IR fibroblasts (in Figure 1d ) seem to be IR to GFP. The subcellular localization of GFP is found in the nuclei and cytosol, whereas fibronectin belongs to the extracellular matrix. GFP-positive cells in the spinal cord ( Figure 1f ) and DRG (Figures 1g-i ) seemed to constitute a sub-population of neurons, which coexpressed tubulin (Figure 1g ), NeuN ( Figure 1h ) and neurofilament L (NF-L) (Figure 1i ). These results show that transgene expression can be achieved in the sciatic nerves and the corresponding DRG/spinal cord after injection of AdGFP into the sciatic nerves. Figure 2 shows the duration of GFP expression at 4 days, 2 and 4 weeks after AdGFP injection into the sciatic nerves. Strong and moderate GFP expressions were found in 4-day and 2-week AdGFPinfected nerves (Figures 2a and b , respectively). Rare and weak GFP-IR nerves could be found in 4-week nerves using biotinated second antibody and subsequently coupled with 488 streptoavidin-coupled third antibody.
BMP7 mRNA and protein expression in Schwann cells and in nerve tissues
After AdBMP7 was purified, we aimed to overexpress BMP7 in Schwann cell cultures and sciatic nerves. Approximately 10 6 plaque-forming unit (pfu) of Neuroprotective Ad BMP7 transfer in peripheral nervous system M-J Tsai et al Ad-BMP7 or AdGFP, as a vector control, was added to cultures. Cultures were harvested for reverse transcriptase (RT)-PCR analysis 2 days after Ad infection. As shown in Figure 3a , transduction of cultures with the Ad vector encoding BMP7 resulted in higher BMP7 mRNA expression. The predicted sizes of amplicon for BMP7 and actin were 836 and 360 bp, respectively. BMP7 mRNA could be detected at 2 days after AdBMP7 infection. No detectable human-specific BMP7 mRNA was found in untreated controls or AdGFP-infected cells. One week after sciatic nerve-crushed injury, segments of AdBMP7-or AdGFP-treated nerves were dissected out and analyzed for RT-PCR and western blot analysis. As BMP7 mRNA in nerve tissues was not detected by RT-PCR, nested PCR was performed and the predicted size of BMP7 amplicon was 381 bp. Figure 3b shows that the transduction of nerves with the Ad vector encoding BMP7 resulted in higher BMP7 mRNA expression (381 bp) in the sciatic nerves, DRG and lumbar spinal cord. No detectable human-specific BMP7 mRNA was found in AdGFP-infected tissues. Quantitative data of BMP7 expression in these regions are shown in Figure 3c . Figure 3d shows the protein expression by western blot analysis in the sciatic nerves of experimental rats 1 week after nerve crush injury. Consistent with the result of the BMP7 mRNA expression, elevated levels of BMP7 dimer (B34 kDa) and precursor (B54 kDa) were found in AdBMP7-transduced nerves. Crush injury induced infiltration of activated (ED-1 (+)) macrophages, Wallerian degeneration of axons (reduced NF-L level) and demyelination (reduced myelin basic protein (MBP) level). AdBMP7 infection reduced microglial infiltration (activation) and MBP degradation, and thus higher levels of MBP persisted. Elevated levels of the BMP7 dimer (B34 kDa) and precursor (B54 kDa) were found in AdBMP7-transduced nerves. Crush injury induced an increase in (ED-1 (+)) macrophage activation and reduced NF-L and MBP levels. AdBMP7 infection prevented NF-L and MBP degradation, macrophage activation.
Neuroprotective Ad BMP7 transfer in peripheral nervous system M-J Tsai et al
Functional recovery of sciatic nerve-injured rats
The effects of AdBMP7 infection on motor coordination in rats after sciatic nerve injuries were compared with rats receiving AdGFP injection, and were evaluated by the number of falls from the rotarod apparatus. The period of time that rats stayed on the rotarod was shorter in nerve-transected rats than in nerve-crushed rats, as shown in Figure 4a . Furthermore, in nerve-transected rats, the duration that the animals stayed on the rotarod was not significantly different between the two groups throughout the test period (50-100 s). In nerve-crushed rats, AdBMP7 infection had a tendency of increased duration on the rungs. Interestingly, at 10 days after injury, AdBMP7-infected rats had better motor coordination than did AdGFP-infected rats (Po0.05). Assessment of heat hyperalgesia in the rats' hind paws was conducted by paw-withdrawal latency (PWL) to a calibrated heat source, as shown in Figure 4b . Crush may cause hyperalgesia and result in lower PWL, whereas transection injury causes no response of paw with higher PWL. Peak analgesia behavior manifested at 2 days after injury in nerve-transected rats. It was gradually attenuated within 4 weeks after injury. By contrast, shortened latency to withdrawal from a thermal stimulus, indicating a painful state, persisted through day 28 in nerve-crushed rats, but returned to baseline in 5 weeks after injury. However, PWL was not significantly different between AdBMP7-and AdGFPinfected groups of two nerve-injured models throughout the test period. Overall, sensory recovery (such as PWL) in transected rats is faster over time than motor function recovery. Functional recovery after sciatic nerve crush injury was correlated with the sciatic nerve functional index (SFI), which included weighted contributions from print length and toe spread. The SFI was scaled such that 0 represented normal function and À100 (or more) represented a complete nerve injury. 19, 20 As shown in Figure 5 , the SFI was greatly decreased for both AdGFP-and AdBMP7-infected groups at 10 days after transection or crush injury, and began showing signs of recovery in crush injury groups on day 15. Furthermore, the SFI results showed that AdBMP7-infected rats performed better than did AdGFP-infected rats throughout the experiments. At days 4 and 7 after injury, AdBMP7-treated rats showed early signs of sciatic nerve recovery. From days 7 to 28, AdBMP7-treated rats had significantly greater SFI improvement than did AdGFPinfected rats ( Figure 5 ). After day 28, the SFI of both AdBMP7-and AdGFP-infected groups in nerve-crushed Time course and degree of functional recovery after sciatic nerve injury in AdBMP7-and AdGFP-infected rats. Rotarod test (a) and paw-withdrawal latency (PWL) (b) are shown. Asterisks (*) indicate significant differences between AdBMP7-and AdGFP-infected rats at the respective time points (*Po0.05;ANOVA, followed by t-test). Each point in each panel corresponds to the average±s.e.m. of measurements made on 5 rats per group. It must be noted that the PWLs show a trend to recovery a few weeks after crush or transection injury. It must also be noted that there is no significant alteration in PWL between AdBMP7-and AdGFP-infected nerves. The SFI at different time points after nerve transection (or crush) with treatment is shown. Asterisks (*) and (#) indicate significant differences between AdBMP7-and AdGFP-infected rats (n ¼ 5 per group) at the respective time points (*Po0.05).
Neuroprotective Ad BMP7 transfer in peripheral nervous system M-J Tsai et al rats had reached a plateau and were not different between the two groups. However, there was a significant (Po0.05) overall improvement in SFI values of nerve-transected rats for the AdBMP7-infected group compared with the AdGFP-infected group throughout the experiment.
Histological examination
Anti-NF-L immunohistochemistry was conducted to examine the stages of sciatic nerve regeneration between the two groups with sciatic nerve crush injury at 4 days and 5 weeks after injury. As shown in Figures 6a-c, NF-L (+) axons were diffused at day 4 after injury.
No difference was observed between the two groups. However, a micrograph of regenerated sciatic nerves at 5 weeks after crush showed more intact and regenerated axons in AdBMP7-transducted rats than that in AdGFPtransduced rats (Figures 6d and e) . Figure 7a shows the expression level of ED-1, an activated macrophage marker, in the operated sites of sciatic nerves at 2 weeks after injury. The level of ED-1 was higher in crushed nerves than in transected nerves. Figure 7b shows the NF-L (+) axons in the operated sites of transected nerves at 2 and 4 weeks after injury. Severe nerve fiber damage was found in both AdBMP7-and AdGFP-transduced rats after transected nerve injury.
In vitro studies
Considering that Schwann cells are primary structural and functional cells in the peripheral nervous system and have a crucial role in peripheral nerve regeneration, we examined the effect of AdBMP7 transduction in Schwann cells. In Schwann cell cultures, elevated levels of BMP7 mRNA expression were confirmed in Ad-BMP7-infected cells (Figure 3a) . No detectable human-specific BMP7 mRNA was found in untreated controls. Figures 8a-c shows that overexpressing BMP7 effectively enhanced Schwann cell proliferation (Po0.05). Similarly, pulsing AdBMP7-or AdGFP-infected sciatic nerve explants for 24 h with BrdU (5 0 -bromo-2 0 -deoxyuridine) resulted in a significant increase in cell proliferation in AdBMP7-infected explants than in AdGFP-infected explants (Figures 8d-f ).
Discussion
The central observation of this study is that BMP7 overexpression mediated through Ad gene transfer to the sciatic nerves not only protected axonal and myelin degeneration but also improved functional recovery after sciatic nerve injury in rats. Further in vitro studies showed that BMP7 overexpression enhanced proliferation of Schwann cells and cells in sciatic nerve explants.
We used first-generation E1-deleted Ad vectors. Possible neurotoxic effects induced by Ad expression should be considered. Although we did not assess immune response in this study, there were no significant side effects in rats with Ad injection. Furthermore, AdBMP7 or AdGFP used in this study had been Neuroprotective Ad BMP7 transfer in peripheral nervous system M-J Tsai et al after infection. However, subtle GFP immunoreactivity could be detected in the sciatic nerves at 4 weeks after injection if the most sensitive immunofluorescent staining was used. The infective tropism of AdGFP within the sciatic nerves showed that GFP-transduced cells were not limited to axonal fibers. GFP-IR was double labeled with antigens to nerve, myelin and fibroblast. Double-labeled GFP-IR with nerve antigens (tubulin, NF-L, NeuN) in DRG confirms sensory neurons, whereas GFP-IR in the spinal ventral horn, IR to tubulin, indicates motor neurons. It is noted that injection of the adenovirus into the sciatic nerves led to extensive expression of transgene (GFP) in the lumbar spinal cord, the DRG and the sciatic nerves, suggesting transduction being mediated by synapse-mediated transport. This also indicates that AdGFP was internalized by the sciatic nerves and retrogradely transported to the stomata of DRG and spinal neurons, bypassing the blood-spinal cord barrier.
There have been no reports regarding the neuroprotective effect of BMP7 on adult sciatic nerve injury. This study showed efficient GFP and BMP7 transduction by adenovirus vectors in the peripheral nervous system, consistent with the published results. [21] [22] [23] As the sciatic nerves were infected with adenovirus before crush or transection injury, the beneficial effect of BMP7 gene transfer to the sciatic nerves in this study is twofold, first, by local BMP7 overexpression in the injected site and second, by BMP7 overexpression in the respective neuronal cell bodies. Preinfection of nerves with AdBMP7 3 days before nerve-clamped or nerve-transected injuries would protect cell death, or prime the cells for regeneration, which may then result in a cellular milieu that enhances regeneration.
Severe anatomical and functional disorders can be seen after transected nerve injury. Obvious axonal damage was found even at 4 weeks after transection ( Figure 7B ), and thus less degree of functional recovery. Crush injury is less severe because of its intact nerve track, and therefore significant recovery was demonstrated. However, crush injury in the sciatic nerves recruited more ED-1 (+) macrophages than transected injury at 2 weeks after injury ( Figure 7A ). Nerve injury might cause compromised axoplasmic transport, fiber distortion or transection, and motor endplate denervation. Functional neuromuscular recovery depends on neurite outgrowth, myelination and correct reinnervation of the target tissue. Thus, peripheral nerve regeneration is slow, and hence there is a time lapse between the molecular changes and its effects on neuromuscular improvement. Walking gait analysis for the rat sciatic nerve has been reported by de Medinacelli et al. This method was later modified and named as SFI, which takes into account the relationship between toes and feet of animals' hind limb. The results obtained from the SFI calculations reflect a complex integrated function. In this study, the SFI data of nerve-injured rats were significantly decreased within 10 days after injury because of increased print length and decreased toe spread. SFI started to increase 14 days after injury, indicating some restoration of neuromuscular function. The SFI in rats with crush injury increased and normal values were achieved after week 4 of post-crush, consistent with the published results. In this study, the SFI in the AdBMP7-transduced group was significantly higher than that in the AdGFP-transduced group. On the other hand, the rotarod test measured the motor coordination and balance of the animals. AdBMP7-transduced rats had better motor coordination than did AdGFP-transduced rats at 10 days after injury.
Traumatic injury of peripheral nerves results in Wallerian degeneration, which includes myelin and axon degeneration, as well as the influx of macrophages from the circulation, which removes the degenerating nerve structures. Consistent with this phenomenon, western blot results of the sciatic nerves in this study showed an increased influx (or activation) of macrophage, and increased degeneration of axon (NF-L (+)) and myelin (MBP(+)) at 1 week after crush injury (Figure 3c ). Preinfecting nerves with AdBMP7 not only reduced crush-induced macrophage influx (or activation) but also reduced axonal and myelin degradation. MBP is a major structural protein in myelin and mature Schwann cells that express MBP, resulting in the synthesis of a myelin membrane. 24 We found that AdBMP7 transduction also had effects in cultured Schwann cells and in sciatic nerve explants. After peripheral nerve injury, Schwann cells can remove the degenerated axon and myelin debris, and proliferate to form Bands of Bü nger. Schwann cells concurrently synthesize and secrete neurotrophic factors and matrix to guide axon growth and provide a favorable microenvironment for nerve innervation. [25] [26] [27] In this study, increased proliferation in both Schwann cell and sciatic nerve explants by BMP7 overexpression may explain in part the in vivo beneficial effect of BMP7.
The biological action of BMP is determined both by the level of BMP ligands and receptors, as well as by that of soluble BMP antagonists, which bind directly to BMPs and prevent functional receptor/ligand interaction. Furthermore, BMPs bind avidly to extracellular matrix proteins, which may both limit their diffusion through tissues and function to present the ligands to specific cells. Through Ad gene transfer of BMP7 to culture cells, nerve explants or sciatic nerves in vivo, biologically active BMP7 could be produced continuously inside cells and released extracellularly. We have been able to show elevated levels of BMP7, either in the dimer or the proform in AdBMP7-infected nerves. In addition, Schwann cells could be transduced by Ad infection to express the transgene for a prolonged period. An increase in the expression of BMP2 and BMP7 has been shown in the adult spinal cord after injury. 28, 29 Consistent with this observation, BMP7 was upregulated after sciatic nerve injury in this study. AdBMP7 transduction to the sciatic nerves further increase BMP7 expression and is beneficial to nerve, myelin and hind limb functions.
The exogenous application of neurotrophic factors during nerve repair at the injury site has been extensively studied and found to be efficacious. [30] [31] [32] [33] However, there have been major problems in delivering neurotrophic factors into the nervous system, such as the serum half-life of the recombinant protein may be short and the blood-brain barrier limits access to the central nervous system. This study provided evidence for the beneficial effects of BMP7 gene transfer on the regeneration/protection of the injured sciatic nerves in rats and raised the possibility of developing BMP7 gene transfer as a potential neuroprotective agent for peripheral nerve repair applications.
Materials and methods

Reagents and antibodies
Cultured media were obtained from Gibco (Carlsbad, CA, USA). Antibodies used in this study are listed as follows: rabbit or mouse anti-MBP, rabbit anti-P75 NGF and mouse anti-NF-L (Chemicon, Temecula, CA, USA). Rabbit anti-S100 (Dako, Carpinteria, CA, USA), rabbit anti-âIII tubulin (Upstate Biotechnology, Lake Placid, NY, USA), mouse anti-ED1 (CD68) (Serotec, England, UK), rabbit anti-BMP7 (Sigma-Aldrich Co, St Louis, MO, USA), biotin conjugate of Griffonia simplicifolia agglutinin isolectin B4 (IB4) (Sigma-Aldrich Co). Unless stated otherwise, all other chemicals were purchased from Sigma-Aldrich Co.
Recombinant adenovirus preparation
We used the first-generation E1-deleted Ad vector encoding BMP7 under the control of phosphoglycerate kinase promoter, as described previously. 12, 34, 35 Briefly, full-length cDNA of human BMP7 or GFP, as a vector control, was cloned into an Ad shuttle vector. Recombinant adenovirus carrying BMP7 (AdBMP7) or GFP (AdGFP), which contained a human phosphoglycerate kinase promoter and a polyadenylation signal of bovine growth hormone, was constructed by homologous recombination in human embryonic kidney (HEK 293) cells. AdBMP7 or AdGFP was propagated and isolated from HEK293 cells and purified by two rounds of CsCl centrifugation to high-titer stocks (B10 10 pfu ml
À1
). The titer of the Ad vector was determined by plaque-forming assay.
Animal surgery and infusion of recombinant adenoviruses
Adult Sprague-Dawley (s.d.) rats weighing 250-300 g were used. The animals were anesthetized by isoflurane (1-chloro-2,3,4-trifluoroethyl ether, AErrane) with oxygen. The animals were fastened prone and prepped. Operations were carried out using an operating microscope under aseptic conditions. The sciatic nerves were exposed in the mid-gluteal region through a gluteal muscle-splitting incision. A 27-G needle was inserted longitudinally into the nerve and 2 ml of saline, AdGFP or AdBMP7 containing a titer of 10 6 pfu was injected slowly using a micromanipulator. The titer of AdBMP7 chosen was based on the result from our pilot study (Supplementary Figure 1) . The nerves were anatomically repositioned, and the skin was closed with 4.0 nylon sutures. Sham animals underwent surgery wherein the sciatic nerve was exposed but left intact and used as control. Three days after Ad infection, two models of sciatic nerve injury were used, that is, transection and clamped injuries. For transection injury, the nerve was sharply transected 5 mm distal to the sciatic notch using microsurgery scissors. Both the proximal and distal ends of nerves were immediately resutured with 10-0 monofilament sutures. For crush injury, sciatic nerves were clamped by a small hemostat at the mid-point for 10 s then unclamped for 10 s, repeated twice. The operated animals were allowed to survive for 4 days, 1, 2 or 4 weeks after surgery. Rats were killed at the end of experimental periods; the sciatic nerves, lumbar spinal cords and DRG (DRG, L4-5) were excised for biochemical or histological analysis. For Ad infective tropism and transgene expression, AdGFP containing a titer of 10 7 pfu was injected slowly to nerves. At 4 days, 2 and 4 weeks after injection, rats were killed for histological analysis. All surgical interventions and postoperative animal care were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996, USA).
Evaluation of functional recovery in the hind limb
Postoperative evaluation of functional recovery in sciatic nerve-injured rats were gross observation and weekly behavioral tests, including PWL, a rotarod test and gait analysis. For the assessment of heat hyperalgesia, a nociceptive heat spot was applied on the plantar surface of the hind paw. 36 The heat spot was produced by a paw analgesia meter (IITc model 390; IITC Inc. Life Science, Woodland Hills, CA, USA); an upper limit of 10 s was assigned as a maximum duration of the reaction. The duration of withdrawal was measured as the paw-withdrawal duration or latency (PWD or PWL, respectively). Rotarod test (the rotating rod method) was conducted to measure motor coordination in rats. 37 Rats were placed on the rungs of the accelerating rotarod, and the period of time that rats remained on the rotarod was measured as described in the study by Hamm et al. 38 The speed was increased slowly from 4 to 40 revolutions per min over the course of 10 min. The time, in seconds, at which each animal fell off the rungs was recorded. Each animal received three consecutive trials. Rats were trained to walk on the cylinder for three consecutive sessions before experimental treatment. Functional recovery was also assessed by calculating the SFI value, which included weighted contributions from print length and toe spread. 19, 20, 39, 40 Rats were filmed walking in a clear Plexiglas tunnel. The distance between the first and fifth toes (TS), the distance between the second and fourth toes (IT), as well as print length (PL) were measured. SFI values were then calculated using the following equation: SFI ¼ À38. [41] [42] [43] Postoperatively, animals were assessed at 4 days and then weekly. The investigators were blinded to the animal treatment groups during gait analysis.
Tissue preparation and immunohistochemistry
Rats were perfused transcardially with 4% paraformaldehyde in phosphate-buffered saline (pH 7.4) under deep anesthesia with sodium pentobarbital at the end of the experiments. The sciatic nerves, lumbar (L4-5) DRGs and spinal cords were dissected out, postfixed in the same fixative for 24 h and stored in 15 and 30% sucrose in phosphate-buffered saline at 4 1C for 424 h. It is noteworthy that lumbar (L4 and L5) DRGs were located by tracing the lumbar dorsal roots back to the sciatic nerve. The tissues were snap frozen embedded in OCT compound (Sakura Fine Technical, Tokyo, Japan). The samples were cut into serial 10 mm cross-sections with a cryostat. To visualize nerves or myelin, immunocytochemical staining was performed using an avidin-biotin complex technique on serial sections, as described in our previously published papers. 44, 45 The sections were stained with polyclonal antisera or monoclonal antibodies directed against neuronal antigens NF-L Neuroprotective Ad BMP7 transfer in peripheral nervous system M-J Tsai et al (Chemicon) and bIII tubulin (Covance, Emeryville, CA, USA) or the myelin antigen MBP (Chemicon). The sections were labeled with primary antibody overnight at 4 1C. Secondary antibodies, biotinylated anti-mouse or anti-rabbit IgG (Dako), were applied for 60 min at room temperature, followed by incubation with the avidinbiotin complex (Vector Laboratories, Burlingame, CA, USA) for 1 h using diaminobenzidine as chromogen. The primary antibody was omitted in the control sections. For double immunohistochemical staining of sections, immunofluorescence procedures were used. The binding of the primary antibodies to myelin antigens (such as MBP, CNPase, S-100), fibroblast antigens (fibronectin) and nerve antigens (bIII tubulin, NF-L and NeuN) in AdGFPtransduced tissues was visualized using Cy3 (Jackson ImmunoResearch, West Grove, PA, USA)-coupled secondary reagents. GFP expression at 4-day and 2-week Ad-GFP-infected nerves was visualized using anti-mouse GFP coupled with Alexa Fluor488 donkey anti-mouse (Invitrogen, Carlsbad, CA, USA) IgG, whereas much lower GFP expression at 4-week AdGFP-infected nerves was stained by anti-mouse GFP coupled with Biotin-SP-conjugated anti-mouse and subsequently with DyLight488-coupled streptavidin (Jackson ImmunoResearch). The slides were examined under a Zeiss fluorescence microscope (Carl Zeiss, Jena, Germany).
Cell cultures and gene transducing cells with adenovirus
Schwann cells were prepared from the sciatic nerves of neonatal rats (p1-p7) and were further purified by immunopanning with anti-P75 NGF as described previously. 46, 47 Briefly, the sciatic nerves were dissociated in 0.4% collagenase solution with frequent trituration for 30 min. The dissociated cells were seeded on poly-lysinecoated dishes in a standard medium, which consisted of DMEM (Dulbecco's modified Eagle's medium) and F12 supplemented with 10% fetal calf serum (Gibco) and penicillin/streptomycin (100 Units of penicillin, 100 mg ml À1 Streptomycin; Gibco). The cultures were maintained at 37 1C in an incubator with a humidified atmosphere containing 5% CO 2 . After the cells reached confluence, Schwann cells, p75 NGF (+), were separated from other cells by magnetic-activated cell separation immunopanning with anti-p75 NGF (Chemicon) according to the manufacturer's instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). More than 98% of cultured cells were IR to S-100 and Glial fibrillary acidic protein (GFAP). For evaluating cell proliferation, B10 6 pfu of AdGFP or AdBMP7 each was added to subconfluent Schwann cells (containing B10 6 cells per 10-cm dish, that is, B1 MOI (multiplicity of infection). After the cells reached confluence, AdBMP7-or AdGFPinfected Schwann cells were reseeded subconfluently. The next day, aliquot of BrdU was added to cultures at final concentration of 25 mM at 2 h before cell harvest. For examining cell proliferation in sciatic nerve explants, segments of the sciatic nerves were dissected out and the epineurium, blood vessels and connective tissues were stripped off using fine forceps. They were then placed in a DMEM/10% fetal calf serum/antibiotic medium and were infected with 10 5 pfu each of AdBMP7 or AdGFP. Three days later, 25 mM BrdU was added to the explant for 24 h for proliferative activity assay.
Western blot analysis, RT-PCR and nested PCR
At the first week after sciatic nerve injury, rats were killed. The sciatic nerves, lumbar spinal cord and lumbar (L4-5) DRGs, which give rise to the sciatic nerves, were collected for RT-PCR or western blot analysis. Nerve tissues or cultured cells were solubilized in lysis buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 40 mM Tris, pH7.5, 1 Â protease inhibitors (Roche, Mannheim, Germany), 1 mM PMSF, 1 mM Na 3 VO 4 and 1 mM DTT. Protein concentration of the resultant lysate was determined using the method of Bradford (Bio-Rad protein assay, Bio-Rad, Hercules, CA, USA). For western blot analysis, equal amounts of proteins were loaded and separated using 8-12% gels (SDS-PAGE) as described previously. 48 For RT-PCR analysis, total RNAs from cultures or nerve tissues were first prepared using a High Pure RNA isolation kit from Roche. After RNA quantitation by spectrophotometry, 200 ng of total RNA was used as a template for RT-PCR analysis. A Titan One Tube RT-PCR kit (Roche) was further used for amplification. The nucleotide sequences of the primers were based on published cDNA sequences of human BMP7 (forward, BMP7_2F: 5 0 -CATGCTGGA CCTGTACAACGC-3 0 ; reverse, BMP7_2R: 5 0 -CCTCACAG TAGTAGGCGGCG-3 0 ). 12 RT-PCR for BMP7 was performed by reverse transcription for 60 min at 50 1C, heat denaturation at 94 1C for 5 min and 38 cycles of denaturation at 95 1C (15 s), annealing at 60 1C (20 s) and elongation at 68 1C (1 min). RT-PCR for actin, an internal standard, was conducted by reverse transcription for 1 h at 50 1C, heat denaturation at 94 1C for 5 min and 25 cycles of denaturation at 94 1C (15 s), annealing at 60 1C (20 s) and elongation at 68 1C (30 s). PCR products were analyzed on 1.2% agarose gels using standard protocol. The predicted sizes of amplicon for BMP7 and actin were 836 and 360 bp, respectively. When the product was not detected by RT-PCR, nested PCR was performed using 7% (1 ul) of RT-PCR reaction product as template and nested primer pairs (forward, BMP7_5F: 5 0 -CGGAT CAGCGTT TATCAGGTG-3 0 ; reverse, BMP7_3R: 5 0 -GTTTGCCAT CCGC AGGGCTT-3 0 ) with 100% homology for human BMP7 and 70% homology for rat bmp7. PCR amplification for sciatic nerve, the injection site, was carried out by denaturation at 94 1C (15 s) and 15 cycles of denaturation at 94 1C (15 s), annealing at 62 1C (20 s) and elongation at 68 1C (30 s). PCR amplification for DRG and lumbar spinal cord (level 4-6), the remote area, was similar to that in sciatic nerves, except more reaction cycles (40 cycles).
Statistical analysis
One-way ANOVA (analysis of variance) followed by Fisher's protected least-significant difference was used to determine statistical differences between treatments. A statistically significant difference was accepted at Po0.05.
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